While enhanced biological phosphorus removal (EBPR) is widely utilized for phosphorus (P) 17 removal from wastewater, understanding of efficient process alternatives that allow combined 18 biological P removal and shortcut nitrogen (N) removal, such as nitritation-denitritation, is limited. 19
Introduction 39
Nitrogen (N) and phosphorus (P) are key limiting nutrients in surface waters, and their 40 removal from wastewater is becoming increasingly important due to widespread eutrophication in 41 both marine and lacustrine environments. While denitrification with exogenous carbon addition to 42 remove N as well as chemical precipitation to remove P are well-established methods to meet 43 nutrient discharge limits, utilities are seeking more efficient and cost-effective methods to meet 44 their permits. Enhanced biological P removal (EBPR) is increasingly implemented as an 45 economical alternative to chemical P precipitation, and emerging innovations in shortcut N 46 removal processes, including nitritation coupled to heterotrophic denitritation via out-competition 47 of nitrite oxidizing organisms (NOO) (Corominas et al., 2010), offer a route to low-energy, low-48 carbon biological N removal 2 . However, the drivers that select for NOO out-competition in 49 shortcut N removal processes and their impact on biological P removal are little understood. 50
While several studies have proposed 2-stage systems with separate sludge for N and P 51 removal [3] [4] [5] , single sludge systems simplify operations and maintenance and can reduce both 52 capital and ongoing costs over 2-stage systems. A limited number of lab-scale studies have used 53 single-sludge systems to incorporate shortcut N removal with P removal from synthetic wastewater 54 feed (Lee et al., 2001; Tsuneda et al., 2006; and Zeng et al., 2003a) . Given that chemical oxygen 55 demand (COD) can be limiting in nutrient removal systems, it is important to note that all three of 56 the referenced studies used readily biodegradable acetate in the synthetic feed as their primary 57 carbon source in 10:1 g acetate-COD:gN and 27:1 g acetate-COD:gP ratios or higher. While 58 promising proof of concepts, use of synthetic feed at such high VFA:N and VFA:P ratios is not 59 representative of the dynamics in N, P, and COD composition commonly found in real wastewater.
Investigations of combined shortcut N and P removal from real wastewater without exogenous 61 carbon or chemical addition for P precipitation are limited to one lab-scale reactor 9 and two full 62 scale processes 10, 11 , but all three had average wastewater temperatures between 26 and 30 °C. 63
Such elevated temperatures confer a significant advantage to ammonia oxidizing organisms (AOO, 64 which can include both ammonia oxidizing bacteria and archaea) over NOO, thereby greatly 65 facilitating NOO out-competition 12 , but are not representative of conditions found in WWTPs in 66 temperate regions. In the lab-scale reactor cited above, for instance, Zeng et al. (2014) 9 lost NOO 67 out-selection when the wastewater temperature dropped below 23 °C as winter approached. 68
Research into combined shortcut N and EBPR processes with real wastewater at moderate 69 temperatures (i.e.  20 °C), where NOO suppression is significantly more challenging 13 , is 70 currently lacking. Intermittent aeration is one promising strategy for NOO suppression at moderate 71 temperatures. Explanations for its efficacy range from a metabolic lag phase of Nitrospira NOO 72 compared to AOO upon exposure to oxygen 14 to transient exposure to free ammonia due to pH 73 shifts in biofilms 15 , as free ammonia has a greater inhibitory effect on NOO than AOO 16, 17 . 74 However, the mechanism and efficacy of intermittent aeration for NOO suppression at moderate 75 temperatures, with or without integration of biological P removal, is currently not well understood. 76
The propensity for shortcut N removal systems to produce nitrous oxide (N2O), a potent 77 greenhouse gas, is little understood, though reports suggest that N2O production may exceed that 78 of conventional N removal biotechnologies 18-21 . For example, in Zeng et al., (2003a) , N2O 79 production exceeded N2 production from a lab-scale nitritation-denitritation process by more than 80 3-fold. However, none of the above studies using real wastewater 9-11 measured N2O emissions. 81 Therefore, N2O measurements on shortcut N removal systems integrated with biological P removal 82 from real wastewater are of interest to accurately assess their net impact on greenhouse gas 83 emissions. 84
Here, we demonstrate efficient and reliable combined shortcut N, P, and COD removal in a 85 sequencing batch reactor (SBR) treating real mainstream wastewater (primary effluent) at 20°C. 86
In contrast to the synthetic studies cited above, the primary effluent used here as influent contained 87 average ratios of 1:1 gVFA-COD:gTKN and 8.2:1 gVFA-COD:gTP, comprising a challenging 88 environment for total nutrient removal. Importantly, EBPR was coupled to nitritation-denitritation 89 for energy and carbon-efficient N removal. A simple kinetic explanation for the out-competition 90 of NOO via intermittent aeration and SRT control was illustrated via batch tests and process 91 modeling. No exogenous chemicals were needed to achieve consistent process stability and high 92 removal rates in the face of frequent rain events and highly variable influent concentrations. Verl, Germany) as a sequencing batch reactor (SBR) with cycle times detailed in Table 1 . An 103 anaerobic react period followed by an intermittently aerated period was chosen with the intent to 104 select for integrated biological P removal and nitritation/denitritation via suppression of NOO 105 activity. The reactor was temperature-controlled to target 20°C (actual temperature = 19.8 ± 1.0°C) 106 via a heat exchange loop to evaluate performance at moderate temperatures. The pH was not 107 controlled and varied between 7.0 and 7.8. NH4 + sensor-based control was used to control aerobic 108 react length, as detailed in Table 1 and in the Supporting Information. Because react length varied 109 with influent NH4 + concentration (due to NH4 + sensor-based control), the SBR loading rate 110 followed that of the full-scale plant, i.e. with shortened SBR cycles and increased flow during wet-111 weather events. The process timeline is split into 2 phases to simplify reporting: Phase 1 (days 0 -112 246) and Phase 2 (days 247 -531), the latter of which represents lower target effluent N 113 concentrations and better N-removal performance. Details on intermittent aeration control can be 114 found in the Supporting Information. 115
SRT was controlled via timed mixed liquor wasting after the aerated react phase, and solids 116 losses in the effluent were included in the dynamic SRT calculation, following the methodology 117 of 22 . Using an operational definition of "aerobic" as > 0.2 mgO2/L, an analysis of 4 cycles from 118
Phase 2 showed that an average 48% of the time within the intermittently aerated react period is 119 aerobic. See the Supporting Information for details regarding SRT control and calculations. 120
Composite sampling as summarized in Table 2 Ex situ maximum batch activity assays for AOO and NOO were performed as previously 148 described 26, 27 . Ex situ activity assays were also employed to quantify biological P uptake of 149 polyphosphate accumulating organisms (PAOs) under aerobic and denitrifying conditions. 150
Relative P-uptake rates via different electron acceptors under typical in-reactor conditions was 151 desired (as opposed to maximum P-uptake rates), so external carbon was not added. 250-mL 152 aliquots of mixed liquor were removed from the reactor following the anaerobic phase (i.e. after P 153 release and VFA uptake) and placed in air-tight 250-mL serum bottles. The sealed bottles were 154 injected with sodium nitrite or potassium nitrate stock solutions to approximately 9 mgN/L of NO2 -155 or NO3for the anoxic (denitrifying) uptake tests or opened and bubbled with air through an 156 aquarium diffusor stone for aerobic tests. A replicate for the aerobic test was provided by the 56-157 L reactor itself, which was also aerated continuously (with a resulting DO concentration of 2 mg/L) days to achieve quasi steady-state conditions. Modeled specific growth rates for AOO, NOO, and 197 PAOs were quantified throughout the SBR cycles with rate equations and parameter values from 198 the SIMBA# inCTRL ASM matrix. 199
The washout SRT for NOO was calculated from µNOO as detailed in the Supporting 202
Information. 203
Modeled PAO growth rates as discussed in this paper include growth on PHA associated 204 with P uptake but do not include decay or PAO growth on PHA where PO4 3is limiting. Also, the 205 SIMBA# inCTRL ASM matrix considers only a single PAO population with an anoxic growth 206 factor ( , = 0.33) in the DPAO rate equations to estimate anoxic P uptake (see Supporting  207 Information for full rate equations). The three growth rates below therefore represent growth of a 208 single functional group split between 3 electron acceptors: O2, NO2 -, and NO3 -. 209
Rate equations and parameters values for the above modeled growth rates, along with the 213 process representation in SIMBA#, can be found in the Supporting Information. 214
Biomass sampling and DNA extraction 215
Reactor biomass was archived biweekly for sequencing-based analyses. Six 1 mL aliquots of 216 mixed liquor were centrifuged at 10,000g for 3 minutes, and the supernatant was replaced with 1 217 mL of tris-EDTA buffer. The biomass pellet was then vortexed and centrifuged at 10,000g for 3 218 minutes after which the supernatant was removed, leaving only the biomass pellet to be transferred 219 to the -80°C freezer. All samples were kept at -80°C until DNA extraction was performed with the 220 To demonstrate feasibility and evaluate optimal operational conditions for integrated 248 biological P and shortcut N removal via NOO out-selection at moderate temperatures, we operated 249 lab-scale reactor fed with real primary effluent for 531 days. Reactor operation proceeded in two 250 phases. Reactor performance across both phases is shown in Figure 1 and summarized in Table 3 . 251
Phase 1 (days 0-246) established proof-of-concept for the compatibility of N removal via 252 nitritation-denitritation via intermittent aeration with EPBR and allowed for optimization of SRT 253 and the aeration regime (intermittent aeration). P removal was consistent during Phase 1 (average 254 PO4 3removal = 83%) excepting aeration failures from reactor control issues around days 80 -90. 255
Because SRT control was utilized as one of the strategies for NOO out-selection, partial washout 256 of AOO during Phase 1 was occasionally observed when mixed liquor wasting was too aggressive 257 (i.e. total SRT less than 5 days, SRTAER less than 2 days, see Figure S2 ), resulting in lower NH4 + oxidation rates and higher effluent NH4 + , after which wasting would be suspended to restore AOO 259 mass. The average TIN removal during Phase 1 was 42% but reached >60% during periods of 260 peak performance. The average TSS during Phase 1 was 1,362 ± 623 mg/L, the VSS was 1,052 ± 261 489 mg/L, and the HRT was 9.7 ± 3.9 hours not including settling and decant. 262
During Phase 2 (days 247-531), SRT control was optimized (total SRT = 9.2 ± 1.8 days, 263 SRTAER = 3.6 ± 0.9 days) and consistent NH4 + and TKN removal (41 ± 24 mgN/L/d and 54 ± 29 264 mgN/L/d, respectively, considering influent and effluent values with HRT during Period 2) was 265 achieved while maintaining NOO out-selection (described in section 3.1.2). The average HRT of 266 6.8 ± 2.8 hours (not including settling and decant) was lower than Phase 1 (9.7 ± 3.9 hours) due to 267 improved AOO activity. Average TIN and PO4 3removal during Phase 2 was 68% and 91%, 268 respectively ( Table 3 ). Biological P removal was not impacted by N removal, and the P uptake 269 rate consistently exceeded the NH4 + removal rate during the aerated portion of the cycle (see Figure  270 2.A&B for PO4 3and NH4 + concentration profiles through typical cycles). This may have 271 contributed to COD limitation for N removal via denitritation, as COD was most depleted at the 272 end of the SBR cycles (Figure 2 .A). This in turn may explain NO2accumulation near the end of 273 most cycles and higher P removal than N removal rates. Figure 2 .A and 2.B also demonstrates the 274 variability in react length that was often observed throughout the study due to differences in the 275 NH4 + oxidation rate, possibly caused by fluctuations in AOO concentrations in the reactor. During 276 Phase 2, the average TSS was 1,773 ± 339 mg/L and the VSS was 1,344 ± 226 mg/L. 277
NOO Out-selection 278
A crucial challenge to all shortcut N removal processes, including the nitritation-denitritation 279 with EBPR process that we focus on here, is suppression of NOO activity. To address this 280 challenge, we employed a combination of tight SRT control with intermittent aeration to limit 281 substrate (NO2 -) accumulation. Process monitoring results demonstrated elevated NO2 -282 concentrations in the effluent, suggesting successful suppression of NOO activity (Table 3 and 283 Figure 1 ) with a nitrite accumulation ratio (NAR) of 70% during Phase 2. This observation was 284 corroborated by fifteen in-cycle concentration profiles demonstrating NO2accumulation greater 285 than NO3throughout the cycle (see Figure 2 .A&B for two representative cycles). In addition, 286 routine maximum activity assays for AOO and NOO demonstrated that during Phase 2 (optimized, 287 stable reactor operation), maximum AOO activity was 3 to 4-fold greater than NOO (Figure 3) . 288
To better understand NOO out-selection and nutrient dynamics during intermittent aeration 289 and to provide additional support for suppression of NOO activity in this process, high frequency 290
sampling (1 grab sample/minute for 40 minutes for measurement of NH4 + , NO2 -, NO3 -, and PO4 ) was conducted during two typical SBR cycles on days 202 and 258 ( Figure 4 .A, data from day 292 258 only shown). The resulting concentration profiles show NO2accumulation with very little 293 NO3accumulation during aeration. Two complete intermittent aeration intervals are shown in the 294 early part of the cycle (note that intermittent aeration begins 45 minutes into the cycle), during 295 which NO2accumulates up to 0.4 mgNO2 --N/L following 5 minutes of aeration, while NO3does 296 not get above 0.1 mgNO3-N/L. The NAR during the nitrite peak of these two aeration intervals 297 was 84% and 95%, which demonstrates NOO suppression via selective nitritation. Then, in the 298 subsequent anoxic intervals, the accumulated NO2is drawn down via denitritation. This 299 denitritation provides a robust nitrite sink and one of the methods for NOO out-selection, such that 300 NO2is not available for NOO in the following interval. 301
Process model results validate the nutrient dynamics observed as seen in Figures 2 and 4 . The 302 process model offers additional insight into the mechanism for NOO out-selection. The net specific 303 growth rates of AOO and NOO were calculated from model data output according to rate equations 304 from the inCTRL ASM matrix (see Supporting Information), and are plotted in parallel with the 305 intermittent aeration intervals in Figure 4 .C. Due to differences in substrate availability (i.e. high 306 NH4 + and low NO2 -), μNOO was less than μAOO at the beginning of each aeration interval and 307 remained below it throughout the 5 minutes of aeration. This specific growth rate differential was 308 maintained throughout much of the cycle, but μNOO roughly equaled μAOO by the end of the 309 intermittently aerated react phase due to the accumulation of NO2 -(data not shown). However, the 310 differential in net specific growth rates in the early part of the SBR cycle ensures that AOO can be 311 maintained in the reactor at a lower SRT than NOO. The modeled average net specific growth rate 312 (including decay) over the cycle can be used to infer a theoretical SRT for NOO to avoid washout, 313 which in this case was 13.2 days (SRTAER = 5.3) days. A similar calculation using the average net 314 specific growth rate of AOO gives an SRT of 8.2 days (SRTAER = 3.3 days), which affirms that 315 AOO are retained via the modeled SRT of 9.5 days. This differential in theoretical SRT (13.2 days 316 for NOO, 8.2 days for AOO) was found with standard kinetic modeling that did not invoke 317 metabolic lag times of NOO (i.e. Gilbert et al., 2014) , indicating that substrate limitation alone is 318 sufficient to explain NOO out-competition in this process. The average reactor SRT during Phase 319 2 was 9.2 ± 1.8 days (SRTAER = 3.6 ± 0.9 days) which, because it is in between the theoretical 320 AOO and NOO SRT values indicated above, reinforces experimental data indicating that SRT 321 control was optimized to washout NOO and retain AOO. Both reactor and modeling results 322 therefore confirm that a combination of intermittent aeration and SRT control can be used to 323 maintain nitritation-denitritation under mainstream conditions. Furthermore, these results suggest 324 that NOO suppression via intermittent aeration and SRT control can be explained by simple 325 substrate (kinetic) limitations alone without invoking more complex mechanisms such as 326 metabolic lag time 14 or free ammonia inhibition 15 . 327
N2O Emissions 328
N2O emissions were measured during 8 separate cycles during steady performance in Phase 2 329 (between days 414 -531) and ranged from 0.2 to 6.2% of the influent TKN load, with an average 330 of 2.2 ± 2.0% (Table S2) aeration. This suggests that N2O emissions from this reactor could be mitigated by a step-feed 359 process, i.e. by filling additional primary effluent to prevent a low COD:N ratio and avoid NO2 -360 and N2O accumulation at the end of the cycle. Additional research is required to test the effects of 361 this strategy. 362
An additional potential benefit of a step-feed modification could be a reduction in the 363 effluent NO2concentration. Elevated NO2concentrations in discharge to surface waters is 364 undesirable in part due to its toxicity to fish and other aquatic life 38 . Aside from a step-feed system, 365 potential solutions to elevated NO2include a final nitrification step (for oxidation of NO2to NO3 -366 ) or an anammox polishing step (as suggested by Regmi et al., 2015) . It should be noted that 367 anammox on seeded biocarriers similar to those in the ANITA TM Mox process 40 could be 368 incorporated into the same reactor for increased N removal, thus eliminating the need for a two-369 stage system. 370
P removal and PAOs 371
Consistent P removal was achieved in Phase 2 and most of Phase 1 (Figure 1 , Table 3 ). EBPR 372 performance was not negatively impacted by long-term nitritation-denitritation; in fact, the P 373 uptake rate exceeded the NH4 + removal rate throughout the study (see Figure 2 .A&B for two 374 representative cycles), indicating that SRT and HRT control to optimize AOO activity (while 375 minimizing NOO activity) ensured sufficient retention and react times for PAOs. The total P 376 removal rate during Phase 2 was 6.8 ± 2.7 mgP/L/d when considering the entire SBR cycle. The P 377 uptake rate from in-cycle testing during Phase 2 was 105 ± 34 mgP/L/d (or 3.4 ± 1.1 378 mgP/gVSS/hour) when considering the linear portion of P uptake during the aerated react phase 379 ( Figure S3 ). 380
High frequency sampling (Figure 4 .A) and model results (Figure 4 .B) both demonstrate P 381 removal during aeration coupled to little to no P removal during periods of anoxia. Importantly, 382 this indicates that P release did not occur in the absence of oxygen, verifying that intermittent 383 aeration with periods of anoxia is compatible with EBPR technologies. However, it also indicates 384 that relatively little denitrifying P uptake occurred, even under anoxic conditions when NO2was 385 present. This suggests that P uptake by aerobic PAO metabolism rather than by denitrifying PAOs 386 (DPAOs) was the predominant driver of P removal. Figure 4 .D shows the modeled specific 387 PAO/DPAO growth rates associated with P uptake. Kinetic insights from the process model, which 388 models PAOs as a single group capable of using O2, NO2and NO3as electron acceptors for P 389 uptake, show that the combination of low NO2and inhibition due to O2 prevented appreciable 390 DPAO activity during intermittent aeration. Modeled P uptake via NO2was only 16% of total P 391 uptake, and modeled P uptake via NO3was even lower at only 0.7% of total P uptake due to 392 limited NO3accumulation. The process model suggests that the presence of residual DO, rather 393 than a lack of NO2or NO3 -, was the primary inhibitor of DPAO activity. Figure 4 .D shows that peak DPAO growth in the model occurred not at the maximum NO2concentration (i.e. 75 395 minutes) but when DO had reached near zero (i.e. 78 minutes), at which point NO2was at about 396 half of the maximum concentration. Finally, while in-reactor, in-cycle measurements of DPAO 397 activity are difficult to make, ex situ measurements of P uptake rates via O2, NO2and NO3showed 398 that the P uptake via NO2was 17% relative to O2, while that of NO3was 14% relative to O2 399 ( Figure 5 ). The high frequency sampling plots, DPAO modeling and ex situ P uptake tests all 400 indicate that DPAO activity likely plays a relatively minor role in P removal in this reactor. 401
The minor role of DPAOs in this process countered our original expectation that frequent 402 periods of anoxia coupled to the presence of NO2would select for a significant DPAO population. 403
DPAOs are considered advantageous in combined N and P removal processes because they offer 404 the opportunity to reduce carbon demand and aeration requirements 41 . Lee et al. (2001) were able 405 to achieve 64% DPAO activity (relative to total P uptake) by introducing a single long anoxic 406 phase (with both NO2and NO3present) in the middle of the aerobic phase, which suggests that 407 longer intermittent aeration intervals may select for more DPAO activity (but perhaps at the 408 expense of NOO out-selection). However, preference for DO does not explain the low P uptake 409 via NO2or NO3in the absence of O2 ( Figure 5 ) from ex situ batch tests in our reactor. Zeng et al. 410 (2003b) observed that Accumulibacter PAOs (which were also identified in this study, see Section 411 3.3) previously acclimated to aerobic P uptake exhibited a 5-hour lag phase in P-uptake when 412 exposed to anoxic conditions (NO3 -) in place of aeration. A metabolic lag phase is unlikely to 413 explain low maximum P uptake via NO2or NO3in this reactor, however, given that linear 414 drawdown of NO2or NO3was observed in all ex situ batch tests. A large majority of Candidatus 415
Accumulibacter phosphatis genomes sequenced to date have contained the gene encoding nitrite 416 reductase (responsible for reducing NO2to nitric oxide [NO]) 43 , suggesting that most, if not all, Whether the lack of DPAO activity in this reactor and others is due to the types of PAOs present 419 (and thus the presence or absence of denitrifying genes) or due to the relative expression/inhibition 420 of denitrifying genes present in the PAOs requires further study. 421
As previously stated, shortcut N removal via nitritation-denitritation did not negatively impact 422 EBPR in this study. Instances of relatively poor P removal were instead usually associated with 423 wet weather flows. Rain not only dilutes the influent but may also induce higher redox conditions 424 in the collection system, indicating a lack of fermentation and little formation of the VFAs that are 425 beneficial to the EBPR process. On sampling days when primary effluent VFAs were at or below 426 the detection limit of 5 mg acetate/L (n = 21), the average PO4 3removal of 63% was significantly 427 lower (p value = 0.003) than the average PO4 3removal of 93% on days when VFAs were greater 428 than 5 mg acetate/L (n = 81). 429
Shortcut N removal systems can be problematic for EBPR if NO2accumulation leads to 430 elevated concentrations of its conjugate acid, nitrous acid (HNO2). HNO2 concentrations above 431 0.5x10 -3 mgHNO2-N/L can lead to inhibition of Candidatus Accumulibacter PAOs 45 , which were 432 the dominant PAO identified in this study (see Section 3.3). In the extreme case, the maximum 433 NO2concentration in the effluent of our reactor (e.g. end of the SBR cycle) of 5.4 mgNO2 --N/L 434 combined with the minimum pH of 7.0 (which did not actually occur simultaneously) corresponds 435 to 0.96x10 -3 mg HNO2-N/L with pKa of 3.25 for HNO2 46 . This indicates that HNO2 was rarely, if 436 ever, above the reported PAO inhibition concentration in our reactor. Moreover, the highest NO2 -437 concentrations occurred near the end of the cycle when the majority of PO4 3had already 438 accumulated intracellularly as polyphosphate, and residual NO2from the end of the cycle was 439 rapidly depleted after filling at the top of the following cycle. 65 -105, beginning 20 minutes after the start of aeration). A) Results of grab sampling from a 538 reactor cycle on day 258 of operation. Selective nitritation rather than nitratation during aerated 539 phases (gray shading) is evident and produced NO2is then denitrified in anoxic phases. The 540 s::can optical DO sensor is rated for a 60-second response time, and a ~1-minute delay is evident 541
in comparison to the model plot B. B) Modeled concentration dynamics including on/off 542 switching for aeration control. C) Modeled AOO and NOO net specific growth rates including 543 decay. D) Modeled PAO specific growth rates associated with P uptake via O2, NO2and NO3 -. 544
Decay and growth not associated with P uptake are not included. 
